University of Texas at El Paso

DigitalCommons@UTEP
Open Access Theses & Dissertations

2015-01-01

On The Path To Multi-Electron Redox Chemistry
With Bimetallic Systems
Nathalie Metta
University of Texas at El Paso, nvaldez5@miners.utep.edu

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Chemistry Commons
Recommended Citation
Metta, Nathalie, "On The Path To Multi-Electron Redox Chemistry With Bimetallic Systems" (2015). Open Access Theses &
Dissertations. 1102.
https://digitalcommons.utep.edu/open_etd/1102

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

ON THE PATH TO MULTI-ELECTRON REDOX CHEMISTRY WITH BIMETALLIC
SYSTEMS.

NATHALIE METTA
Department of Chemistry

APPROVED:

Dino Villagrán, Ph.D, Chair

Katja Michael, Ph.D

Skye Fortier, Ph.D

Chunqiang Li, Ph.D

Charles Ambler, Ph.D.
Dean of the Graduate School

Dedication
To my husband, Alejandro Metta, my parents, Ana and Jose Valdez, and my son,
Edward, for their countless love and support.

ON THE PATH TO MULTI-ELECTRON REDOX CHEMISTRY WITH BIMETALLIC
SYSTEMS

by

NATHALIE METTA, B.S.

THESIS

Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the Requirements
for the Degree of

MASTER OF SCIENCE

Department of Chemistry
THE UNIVERSITY OF TEXAS AT EL PASO
DECEMBER 2015

Acknowledgements

I would like to thank my mentor, Dr. Dino Villagran, for his support and guidance
throughout my journey as an undergraduate and graduate student, but mostly for his boundless
patience.
Secondly, I would like to thank my committee members for their constructive criticism
and valuable advice, Dr. Michael, Dr. Fortier, and Dr. Li.
I thank my husband, Dr. Alejandro Metta for his help in crystallography, for the
insightful discussion we have had, and for his intense support throughout my studies. In addition,
I would also like to thank my friends and colleagues in the Villagran Lab, Karen, YanYu , Jose,
Nancy, Luis, Jacob, Marcos, and Gael for the many fun and interesting adventures we have had
both in the lab and outside of it. I especially would like to thank Gael, my undergraduate
assistant, for his hard work and dedication in our research.
Finally I would like to thank my mom, without her none of this would be possible. I
would like to thank her for helping me take care of my son throughout my undergraduate and
graduate studies and for being patient with the late hours and sometimes crazy schedule. Thank
you.
Finalmente quisiera agradecerle enormemente a mi mama, porque sin su apoyo y ayuda
nada de esto hubiera sido posible especialmente con el cuidado de mi hijo con estos horarios de
locura; tanto en mis estudios de maestría como de licenciatura. Gracias mama.

iv

Abstract

The following study is presented in two sections, in the first, a novel digold (II) complex
with semi-bridging chlorides supported by two bulky formamidinates was synthesized for the
purpose of studying late-transition metal multi-electron redox chemistry. Electrochemical
analysis shows one non-reversible reduction. Although the electrochemistry of this complex is
restricted, the compound shows interesting electronic properties. The crystal structure reveals a
geometry distortion of the Au2-Cl2 core. The coupling of an unoccupied orbital and an occupied
orbital through a vibrational mode, causes a distortion in the geometry of the molecule lowering
the D2h symmetry to C2h. This is an example of a second order Jahn-Teller distortion.
In the second section, we show the tuning of the oxidation potential on a series of
dimolybdenum systems by systematically probing the effects of ligands of different basicities.
We have synthesized bimetallic compounds with different ratios of two different ligands, namely
guanidinates and formamidinates in four different combinations of Mo2(DAniF)x(hpp)4-x, (where
DAniF is the anion of N,N'-di-p-anisylformamidine and hpp is the anion of hexahydro-2Hpyrimido[1,2-a]pyrimidine), and Mo2(OAc)x(DAniF)4-x, and we measured the redox potentials,
and Raman shifts of the respective Mo-Mo bonds. We have observed that the oxidation
potentials shift to negative potentials with the addition of more guanidine ligands. The difference
in redox potentials between Mo2(DAniF)4 (the fully formamidinate substituted compound) and
Mo2(DAniF)3(hpp) (the first in the series of Mo2(DAniF)x(hpp)4-x) is in the order of half a volt in
the negative direction. The difference in redox potentials between Mo2(DAniF)3(hpp) and tMo2(DAniF)2(hpp)2 is about 0.35 volts in the cathodic direction and it displays multi-electron
redox processes. Lastly, Mo2(hpp)2(DAniF) shifted 0.07 volts as well. We have also study the
electronics of these systems by DFT.
v
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Chapter 1: Introduction

World energy consumption has gone significantly increased in the last century and it is
predicted to increase by at least two-fold, from our current burn rate of 17.7 TW per year to 2835 TW by 2050.1,2 The large majority of this energy comes from fossil fuels, however external
factors of economy, environment, and security mandate that projected future global energy
demand be met with environmentally clean, renewable, and sustainable energy sources as
alternatives to the current world dependence on hydrocarbon fuel.3-9 With water emerging as a
primary carbon-neutral hydrogen source, several challenges are presented when it comes to
water splitting. The splitting of water to H2 and O2 is a four electron process that transforms
external energy (solar, thermal, electrochemical, etc.) into chemical energy (covalent bonds),
Figure 1.1. Apart from the overall transformation being a multi-electron process, water splitting
confronts huge thermodynamic and kinetic barriers. The transfer of electrons from donor to
acceptor is an important concept that can be crucial in understanding the fundamental chemistry
of energy conversion.

Scheme 1.1.The splitting of water is a multi-electron
redox event.

The activation of small molecules is vital for global energy efficiency, since multiple
processes, such as the reduction of N2 to NH3 in the Haber-Bosch process, consume a large
percentage of the world’s energy, about 1%.
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Other small molecules, such as CO2 or CO, are
1

greenhouse pollutants that require economical methods atmospheric remediation.11 The FischerTropsch process is an efficient method for the transformation of CO into liquid hydrocarbons
utilizing transition metal heterogeneous catalysis and likely, multi-metallic cooperativity.12 The
activation of these small molecules requires multi-electron redox processes for which transition
metal systems are well suited due to their rich electrochemistry.
Transition metal electrochemistry can be enhanced by increasing the number of metal
centers in a catalytic system and by inducing cooperative behavior among them. 13 Infinite arrays
of metal centers (i.e. metal surfaces) are well known to perform electrochemical activation of
small molecules.14 Reducing these catalytic processes to the molecular level may lead to a better
understanding of substrate activation.
Our aim is to synthesize a series of coordinatively unsaturated bimetallic units with bulky
conformations to study their redox chemistry and their reactivity toward small molecules. The
synthesis of such bimetallic compounds requires sterically bulky and basic ligands such as
formamidinates and guanidinates, with the purpose of enforcing the conformations in Scheme
1.2.

Scheme 1.2 Examples of attainable conformations by bimetallic units. Coordinatively
unsaturated (C), (D), and (E) can have coordination sites available to activate small molecules.

2

Herein, we present two different fundamental studies in an attempt of gaining some
insight into multi-electron redox reactions and the properties of the bimetallic systems with the
desired conformations that exhibit this behavior
Late transition metals are well known for their catalytic potential. The first project
explores the synthesis of an unsaturated bimetallic gold complex. A digold with bridging
chlorides in the core and supported by bulky formamidinate ligand (2,6-iPr2C6H3)NCH=NH(2,6-iPr2C6H3) (HDipPF) was successfully synthesized and characterized. Although the
electrochemistry of this compound was rather restricting, it does not preform multi-electron
redox chemistry, it did show interesting electronic properties. A distortion of the core, and
studies of its molecular orbital manifold displayed a second order Jahn-Teller distortion.
On the second study presented, a fundamental study of ligand effect on the electronic
properties of bimetallic systems was necessary. It is known that Mo2(OAc)4, has a one electronreversible redox event, when followed by the fully substituted formamidinate dimolybdenum
complex, the same is true, it displays a one electron reversible redox event. However the fully
Mo2(hpp)4, the fully substituted guanidinate complex, displays two one electron redox events. 15
In order to understand when exactly these molecules display multi-electron redox behavior a
systematic study of redox potential tuning was done with guanidinates and formamidinates of
different basicities attached to dimolybdenum in different ratios. A series of molybdenum
bimetallic compounds with the formula Mo2(DAniF)x(hpp)4-x (Danif is the anion of N-N’-di-panisylformamidine and hpp is the anion of 1,3,4,6,7,8-hexahydro-2H-pyrimido [1,2-a]
pyrimidine) were synthesized to measure their redox potential and to gain an understanding in
the electron donor properties of these ligands when attached to a bimetallic system. An

3

interesting trend is observed in the redox potential of these compounds with the addition of more
guanidinate ligands.

Scheme 1.3 Drawings of HDAniF, HDipPF, and Hhpp, ligands used in this study
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Chapter 2: A Second Order Jahn-Teller Distortion in a Au2(μ-Cl2) Core
Bridged by Bulky Formamidinates
1. Introduction
The chemistry of gold complexes has been the object of study in recent years due to their
potentials uses as effective low temperatures catalysts for CO oxidation, acetylene hydrochlorination, methane oxidation, and NO reduction among other applications.16-20 Moreover, the
chemistry of bimetallic complexes, Au2, is of particular interest because of their potential
applications as photocatalysts and as platforms for the oxidative addition and reductive
elimination of halides. 21, 22 However, these dinuclear complexes containing one or two bridging
ligands are usually gold (I) complexes with ylides and thiolates.23, 24
Few nitrogen ligand complexes of digold (II, II) are known; a great majority of compounds
with gold nitrogen bonds occur with gold in oxidation states of +I and +III. Digold Au2,
complexes bridged by highly basic N-based ligands allow for the stabilization of Au complexes
with oxidation stated of 2+. Au(II) dinuclear complexes with halide ligands in the axial positions
have been reported, yet no Au2 dinuclear complexes with bridging and semi-bridging halides
(Au2-μX2) have been reported.

25, 26

(where X=F, Cl, Br, I). The only known examples of a

digold species with bridging and semi-bridging halides are Au(I) or Au(III), only four examples
are known. 27-30
Herein we report a Au2 dinuclear compound stabilized by two bulky bidentate formamidinate
ligands with semi-bridging chlorides, Au2(DipPF)2Cl2 (where DipPF is the anion of N-N’-bis
(2,6- diisopropylphenyl) formamidine), Figure 2.1, which possesses interesting geometrical
distortions in the Au2(μ-Cl2) core for which we propose is the result of a second order JahnTeller effect. 31-33
5

Figure 2.1 Digold (II, II) compound with semi-bridging chlorides
supported by the bulky DipPF ligand.

Second order Jahn-Teller distortions occur when an occupied orbital (often the HOMO) and
an unoccupied orbital (often the LUMO) are able to be coupled through a normal vibrational
mode in the direction of the distortion.

34

Even though the molecular orbital description of

second order Jahn-Teller (SOJT) effects has been well established in the literature, this general
type of distortions are not as widely recognized compared to their first order counterpart. This
may be due to a few reasons: SOJT distortions are less common, they may be confused by steric
or packing effects, and they may not be recognized as distortions originating from orbital and
vibrational coupling.

6

2. Experimental
2.1 General Synthetic Procedures
All manipulations were carried under normal atmosphere at room temperature unless
otherwise stated and all glassware was oven dried prior to use. The materials used for the study,
CDCl3,

tetrahydrothiophene

(THT),

hydrogen

tetracholoaurate(III)

(H[AuCl4]•4H2O),

triethylorthoformate, acetic acid, Na2SO4, and 2,5-diisopropylaniline were purchased from
Sigma-Aldrich. Au(THT)Cl was prepared by literature procedures.35 THF, ethanol, hexanes, and
diethyl ether were purchased from Fischer Scientific and used straight from the bottle.
2.2 Physical Measurements
Elemental analysis was performed by Midwestern Mircrolab, LLC., Indianapolis, Indiana.
The UV-vis spectrum for Au2(DipPF)2Cl2 was done on a SEC2000 Spectra System with the
Visual Spectra 2.1 software. 1H NMR spectrum was collected on a Bruker 300 MHZ NMR
spectrometer. The proton chemical shifts (δ) of Au2(DipPF)2Cl2 were referenced to CDCl3
solvent. FT-IR Spectrum was recorded on a Perkin-Elmer Spectrum 100 FT-IR spectrometer.
Electrochemical analysis was performed in dichloromethane using a CHI760D potentiostat with
a 2 mm diameter Pt working electrode, Pt mesh auxiliary electrodes and Ag/AgCl reference
electrode. Cyclic Voltammograms were internally referenced to the Fc/Fc+ couple.
2.3. X-Ray Crystallography
A single crystal of approximately 0.045 mm x 0.065 mm x 0.330 mm was mounted on a
glass fiber using silicon grease. The x-ray intensity data was measured on a Bruker SMART
APEX CCD system equipped with a graphite monochromator and MoKα fine-focus tube (λ=
0.71073 A). Total exposure time was four hours.
7

The frames were integrated with the Bruker SHELXTL Software Package, using a
narrow-frame algorithm. The integration of the data using an orthorhombic unit cell yielded a
total of 19635 reflections to a maximum θ angle of 27.32 o (0.77 A resolution), of which 4732
were independent (average redundancy 4.149) and 3096 were greater than 2σ(F2). (Data
completeness= 87.3%, Rint= 5.19%. The final unit cell dimensions of a = 18.528(6) A, b =
15.235(5) A, c = 17.036(6) Ȃ, α = 90o, β = 90o ϒ = 90o , volume = 4809 (3) Å3, are based upon
the refinement of XYZ-centroids of 8251 reflections above 20 I/σ(I). Data was corrected for
absorption effects using the multi-scan method (SADABS). The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.2320 and 0.7660.
Table 2.1 Crystallographic data for 1
Compound
Formula
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
ϒ (deg)
V (Å3)
Z
dcal (g cm-1)
μ (mm–1)
λ, Å
T, °C
GOF
R1,a wR2b (I > 2σ(I))

1
C50H70Au2Cl2N4
Orthorhombic
Pbcn
18.528 (6)
15.235 (5)
17.036 (6)
90
90
90
4809 (3)
4
1.646
6.243
0.71073
296 (2)
1.05
0.0473, 0.1389

R1 = Σ||Fo| – |Fc||/ Σ|Fo|. b wR2 = [Σ[w(Fo2 – Fc2)2 ]/
Σw(Fo2)2]1/2, w = 1/[σ2(Fo2) + (aP)2 + bP], where P = [max(Fo2 or
0) + 2(Fc2)]/3
a

8

The structure was solved and refined using the Bruker SHELXTL Software Package, using the
space group P b c n, with Z=4. The final anisotropic full-matrix least-squares refinement of F2
with 270 variable converged at R1 = 4.73%, for the observed data and wR2=16.62 % for all data.
The goodness of fit was 1.050. The largest peak in the final difference electron density synthesis
was 2.101 e-/Å3 and the largest hole was -1.487 e-/Å3 with an RMS deviation of 0.190 e-/Å3.
On the basis of the final model, the calculated density was 1.646 g/cm3 and F(000), 2360 e-.

Figure 2.2. Thermal ellipsoids plotted at 35 % probability level. H
atoms are removed for clarity.

2.3 Computational Details
Density Functional Theory (DFT) calculations were performed with the hybrid Becke-3
parameter exchange functional and the Lee-Yang-Parr nonlocal correlation functional36-38
(B3LYP) implemented in the Gaussian 0939-41 (Revision C.01) program suit. Double-ζquality basis sets (6-31G**) were used on nonmetal atoms (carbon, nitrogen, chlorine and
hydrogen). An effective core potential (ECP) representing the 1s2s2p3s3p3d4p5s4d5p core
was used for the gold atoms along with the associated double-ζ basis set (LANL2DZ).42 The

9

convergence criterion for the self-consistent field cycles on all calculations was increased
from the default value to 10–8. All the calculations were performed on a full-atom model of 1
and 2 with no simplifications. Geometry optimization calculations were found to be minima
in the potential energy surface as evidenced by the lack of imaginary vibrations in the
frequency calculations. Polarizability derivatives (Raman intensities) were computed using
the Gaussian 09 package using the keyword freq=Raman. All calculations were performed in
a 44-processor PowerWolf PSSC supercomputer cluster running Linux Red Hat 4.1.2-54
located at the University of Texas at El Paso.

2.4 Syntheses
2.4.1 (2,6-i-Pr2C6H3)NH-CH=N(2,6-i-Pr2C6H3) [HDippF]
This ligand was prepared by a modification of a previously reported procedure.43
Triethylorthoformate (10g, 0.0675 mol), 2,6-diisopropylaniline (24.11 g, 0.136 mol), and acetic
acid (0.811g, 0.0136 mol were stirred at 160 oC overnight, while ethanol distilled off. After
cooling, a brownish-white crystalline material formed. This was separated between Et2O and a
10% aqueous solution of Na2CO3 (50 mL). The yellow organic solution was stripped of solvent
and 50 mL of Et2O was added. The readily dissolved brown impurity was then filtered off,
leaving behind a white powder. The white powder was re-dissolved in Et2O (500 mL) and dried
over Na2SO4. The solution was filtered again to remove the drying agent and the filtrate was
stripped of Et2O under reduced pressure. The white crystalline material was further dried
overnight. Yield 50%. 1H NMR (C6D6): 1:12 (d, 24H, CH(CH3)2), 3.42 (sept, 4H, CH(CH3)2),
7.06(m, 6H, C6H3), 7.65(s, 1H, NCHN).
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2.4.2 Au2(DipPF)2Cl2, (1)
In a 50 mL flask a solution of HDipPF (.18 g, 0.493 mmol), and NaOH (0.019 g, 0.493
mmol), were stirred THF (10 mL) at room temperature for 2 hours to create the sodium salt.
Au(THT)Cl (0.16 g, 0.499 mmol) was then added to the solution and stirred for an additional 12
hours. After completion, solution had turned a grayish color and black residue could be seen
against wall. Reaction was left to settle and the supernatant was decanted off. After that, solid
was washed with a minimal amount of hexanes. Crystals suitable for X-Ray Diffraction were
grown from a saturated solution of diethyl ether. Yield 74%. Anal. Calc for Au2C50N4H70Cl2: C,
50.38; H, 5.92; N, 4.70. Found: C, 51.13; H, 6.33; N, 4.25. 1H NMR (CDCl3): 1.18 (d, 24H,
CH(CH3)2), 1.35 (d, 24H, CH(CH3)2), 3.75 (sept, 8H, CH(CH3)2), 7.02 (m, 12H, C6H3), 7.46 (s,
2H, NCHN). UV-VIS (3.35 x 10-4M in DCM) λmax (nm): (ε L/M–1cm) 343 (2.258 x 103). IR
3350 (w), 3062 (s), 2960 (m), 1634 (s), 1596 (d), 1437 (d), 1382 (s), 1346 (d), 1246 (s), 1181 (d),
1056 (m), 964 (s), 879 (s), 801 (s) 754 (s), 690 (m).
3. Results and Discussion
The reaction between NaDipPF and Au(THT)Cl in the presence of air in THF results in
compound 1, Au2(DipPF)2Cl2, in a 74% yield. The mechanism of this reaction has not been
carefully studied, but the presence of air is required to oxidize Au(1) to Au(II) and adventitious
Cl– ligands present in solution yield the dichloride compound 1. This type of reactions has been
observed previously by Fackler et al, in a similar, but structurally different Au2(hpp)2Cl2
compound.44 Compound 1 decomposes to elemental gold in the presence of light, but it is
otherwise stable to air and moisture.
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Figure 2.3. Au(II)2-Cl2) core with selected bond distances. The corresponding
bond angles are as follow: Au-Cl-Au [90.1(1)°] and Cl-Au-Cl [89.9(1)°].The
vibration depicted of b1u corresponds to the type (D2h → C2h) observed in the
Au(II)-(μ-Cl)2Au(II) complex.
depicting a vibration of b1u symmetry

The crystal structure of 1 is shown in Figure 2.3, the Au-Au bond distance of 2.7473(9) Å
is considerably longer than Au-Au distances previously reported in singly-bonded Au(II)
dinuclear species where the metal-metal distance ranges from 2.48 to 2.57 Å.45a The crystal
structure shows that the Cl– ligands are in an asymmetrical conformation where each chloride
ligand has two different distances to each gold atom. This semi-bridging orientation of the Cl–
anions yields an idealized C2h symmetry to 1 (Figure 2.3). The Au-Cl bond of 1.682(2) Å, is
significantly shorter compared to other reported Au-Cl bond distances (ca. 2.36 Å) typically
considered normal.45b The shortest digold-chlorine bond reported to date (Au-Au-Cl) is 2.257
Å.46 The longer Au-Cl bond of 2.170(2) Å, is also shorter when compared to other Au-Cl bonds.
This semi bridging Au(II)2-Cl2) core is novel in Au(II)2 complexes. The Au-N bond distances
are 2.056 and 2.048 Å, which are considered normal when compared to the few nitrogen ligand
complexes of Au(II) known.47 The Au(1)-Cl(1)-Au(1A) bond angle is 90.1(1)o and Cl(1)-Au(1)Cl(1A) angle is 89.9(1)o.
The redox behavior of 1 was studied by electrochemical methods. Figure 2.4. The cyclic
voltammogram

of the

Au(II)

complex

in

excess

TBAPF6 (tetra-butyl

ammonium

hexafluorophosphate) in dichloromethane reveals a non-reversible one-electron reduction at

12

Figure 2.4. Cyclic Voltammogram of Au(DipPF)2Cl2 in
dichloromethane.

(E1/2) 0.15 V versus the ferrocene/ferrocenium couple. No oxidations are observed within the
solvent stability window.
The electronic spectrum of 1 is shown in Figure 2.5. One absorption band that tails into
the blue is observed peaking at 343 nm which provides the yellow color to 1. Compound 1 was
also characterized by mass spectrometry.

Electron Spray Ionization, ESI+, shows significant

peaks at 1120 m/z and 1155 m/z attributed to the unsaturated [Au2(DipPF)2] and the fragment
[Au2Cl(DipPF)2]+.
DFT calculations on a model of 1 in which the DippF ligands have been replaced by a H
atom were performed in order to understand the electronic structure, geometry, and optical
properieties of 1. In addition to this, DFT calculations on an idealized D2h model of 1 where the
two Cl atoms are in a perfect bridging orientation was modeled to understand the preference
towards the asymmetric C2h symmetry.
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DFT calculations show that the D2h model of 1 is 16 kcal/mol higher in energy than the
assymetric C2h model. Moreover the D2h model is a maximum in a potential energy surface
making it a transition state. This is also evident by one imaginary frequency centered at 249i nm.
The Au-Au distance in the C2h model is 2.87 Å, slightly longer than the observed through
crystallography, described in Table 2.2 However, it has been found that B3LYP consistently
overestimates M–M bond distances.48 The C2h model also shows two sets of Au-Cl distances,
3.86 and 2.48. These distances are very long compared to the experimental data, which may
mean that the C2h model may not fully reflect the electronics of the experimentally obtained

Figure 2.5. UV-vis of Au2(DippF)2Cl2 in
dichloromethane

compound 1. Due to this we also performed a single point DFT calculation to see if any changes
in the electronic structure were evident by the change in geometry. The single point DFT
calculation reveals some small changes in the symmetry of the orbitals but it is consistent when
compared to the full DFT calculation. Figure 2.6 shows the molecular orbital manifold for the
C2h model. The HOMO is composed by a Au-Au bonding orbital of δ and has an energy of -6.07
eV. The HOMO-1 is a classic antibonding δ* orbital with some interaction with the
formamidinate ligand but none from the chlorides, it is seen at -6.63 eV. HOMO-2 has an
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energy of -7.24 eV and can be described as an antibonding π orbital. HOMO-3 is a bonding δ
with energy of -7.27 eV. HOMO-4 is mostly ligand however the small metal character it has can
be described as antibonding δ orbital with energy of -7.28 eV. The HOMO-5 is an antibonding π
orbital and has energy 7.34 eV. HOMO-7 was omitted due to the fact that it was a ligand based
orbital. The HOMO-8 is a bonding π orbital with interactions with chloride and formamidinate
orbitals with energy of -8.65 eV. Both the HOMO-9 and HOMO-10 are π orbitals, the first is
antibonding and the latter bonding, with respective energies of -8.89 and -9.33 eV. The LUMO
of the C2h model a bonding δ orbital, followed by the antibonding σ* in the LUMO +1, with
energies of -4.85 and -0.84 eV.
The Au-Au distance in the D2h model is 2.78 Å. The D2h model also shows two sets of
Au-Cl distances identical to each other, with a length of 2.86 Å. The molecular orbital picture for
the symmetrical model in D2h symmetry (Figure 2.7) shows that the HOMO is composed of
classic bonding δ bond with heavy influence from the chloride atoms with energy of -5.88 eV,
which is higher in energy than the preferred C2h conformation. HOMO – 1 is very familiar to the
one present in the C2h model, it is composed of an antibonding δ orbital with energy of –6.37 eV.
HOMO-2 was ommitted due to the fact that it was a ligand based orbital with no metal character.
HOMO–3 is present at –7.10 eV and it is a bonding π orbital. HOMO–4 is similar to the one in
the C2h model, it is also composed of mostly ligand, with very small metal character, however it
is a bonding δ orbital with an energy of –7.15 eV. HOMO-5 was also ommitted because it had
no metal character. The HOMO -6 is present at -7.62 eV and is composed of an antibonding σ
orbital. HOMO -7 has little metal character but nonetheless it is made up of an antibonding π

15

Figure 2.6. Selected MO diagrams with 0.04 contour surfaces for the asymmetrical C2h model of 1.

orbital with an energy of -7.85 eV. The HOMO -8 is a bonding π orbital presented at -8.79 eV.
HOMO -9 is a antibonding π orbital with 100 percent metal character. HOMO -10 is a bonding δ
orbital at -9.10 eV. The final occupied orbital selected, HOMO -11, is present at –9.19 eV and it
is an antibonding π orbital. The LUMO is present at -5.21 eV and it is made up of a antibonding
δ orbital. The LUMO +1 is at 0.75 eV and it is an antibonding σ.
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Table 2.2. Selected bond lengths from DFT and experimental data
Selected
Bonds

Au-Au
Au-Cl
(short)
Au-Cl
(long)

Bond Distance / Å
Calculated Calculated
Experimental
C2h
D2h
2.7439(9)
2.87
2.78
1.682(2)

2.48

2.86

2.170(2)

3.86

2.86

In the D2h model, the b2u symmetric vibration translates the both Cl ions towards one Au
atom and away from the second Au atom. A low energy vibration of b1g symmetry is also
observed computationally at 32 nm. This b1g vibration brings one Cl anion towards a Au atom,
while moving the other Cl atom away from one Au atom and towards the other. We believe that
this b1g vibration yields the distorted C2h geometry from the symmetrical D2h transition state.
The electronic mechanism for producing this distortion takes into account the b1g vibration, an
unoccupied orbital, and an occupied orbital. We identify the LUMO orbital of the D2h model
which has b3u symmetry to be able to couple the HOMO–8 of b2u symmetry by means of the
vibration of symmetry b1g yielding the direct product:
b1g  b3u  b2u = a1u
The C2h model has the the b2u occupied orbital stabilized , while the b3u D2h LUMO is
destabilized. This mechanism is known as a second order Jahn-Teller distortion, and is observed
here. As mentioned before a second order Jahn-Teller distortion describes the vibronic coupling
of an unccopied and an occupied orbitals of different symmetry by means of molecular
vibration, which is responsible for the distortion.
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Figure 2.7. Selected MO diagrams with 0.04 contour surfaces for the asymmetrical D2h model of 1.
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Table 2.3 Selected Bond Angles for 1

Selected Bonds1
Cl(1)-Au-Cl(1A)
Cl(1)-Au(1)-Au(1A)
Cl(1)-Au(1A)-Au(1)
Au(1)-Cl(1)-Au(1A)

Bond Angles (o)
89.93(9)
52.18(8)
37.74(6)
90.08(9)

4. Conclusion
A novel bimetallic gold (II) compound two bridging chlorides supported by two bidentate
bulky formamidinate ligands was prepared and structurally characterized. Electrochemistry of
the complex shows a non-reversible reduction. The crystal structure of Au2(DippF)2Cl2 reveals a
distorted Au2-μCl2 core, instead of having the idealized D2h symmetry it possesses a C2h
symmetry. With the aid of DFT calculations we were able to see that the D2h model is a
transition state. The vibration which causes the distortion in the core, coupled with an
unoccupied and occupied orbital, causing stabilization in the occupied orbital and a
destabilization in the unoccupied molecular orbital. This effect is known as a second order JahnTeller distortion.

1

The structure is symmetry related, therefore the gold and chlorine atoms are equivalent
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Chapter 3: Redox Potential Tuning with Mixed-Ligand Dimolybdenum Systems

1. Introduction
A plethora of knowledge49 has been accumulated on multiple metal-metal bonds since the
first quadruply bonded species, Re2Cl82- , was discovered almost five decades ago.50 Since that
time well over a thousand quadruply bonded complexes have been isolated and structurally
characterized by single X-ray studies.51 The molecular orbital diagram of a quadruple bonded
species is seen in Figure 3.152 This type of complex has eight metal-based electrons, all of them
paired and positioned in one bonding σ composed of two dz2 orbitals , two bonding π, made up of
two dxy and dyz, and one bonding δ orbital, which consists of the overlap between the dxy orbitals
giving it a bond order of four.

Figure 3.1. Taken from ref 45. Schematic molecular orbital diagram for
a quadruply bonded complex.

Much of the progress in this field has been in part to the development of new type of
ligands. Substitution of the halide ions by carboxylate anions brought about an explosive growth
in the field. This allowed the synthesis and characterization of hundreds of compounds with two
metal atoms bridged by four mono-anions, with paddlewheel or tetragonal structures.53 Group six
metals as well as other metals such as Ru, and Rh are capable of forming such structural types.54
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Usage of different types of ligands such as formamidinates and guanidinates ushered a new stage
in development of bimetallic complexes, allowing the isolation of the first Ni25+ complex having
a bond order of ½,55 as well as the first V24+,

56

Fe23+,4+,57 Co23+,4+,5+,58 Ir24+,59 and

Pt24+,5+,6+,60compounds.

Figure 3.2 Guanidinate ligand, hpp, the anion of 1, 3, 4,
6, 7, 8-hexahydro-2H-pyrimido [1,2-a] pyrimidine

However, interest in guanidinate ligands has been increasing because of their ability to
effectively delocalize negative charge, which helps stabilize transition metal complexes with
high oxidation state.61,62 Of special interest is the hpp ligand (the anion of 1,3,4,6,7,8hexahydro-2H-pyrimido[1,2-a]pyrimidine), Figure 3.2, and its remarkable ability to cause large
negative shifts in the oxidation potentials of paddlewheel complexes of the M2(hpp)4 type, as
observed in electrochemical studies.63 It is now clear that the hpp ligands are not only more
robust than the formamidinates but display significant electronic differences, Hpp is a very
strong Bronsted base.64 From UV photoelectron spectroscopy, it has been reported that the
HOMO ionization of Hhpp corresponds to a nitrogen lone pair at the nitrogen at the top.65 There
are possible intramolecular interactions between the orbitals localized on the imine(ηCN, πCN)
and amine moieties with the lone pairs from the nitrogen on top interacting strongly with the πCN
orbital than with the lone pair orbital at the non-protonated nitrogen atom. Because of this large
electronic difference between hpp and formamidinate ligands, it is likely that it is responsible for
the stabilization of highly oxidized M2 species by this ligand. It is reported that the Mo2(hpp)4
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molecule is easily oxidized with a chlorinated solvent.66 The tungsten analogue is the most easily
ionized stable molecule known to date67 has an onset ionization energy of 3.51 eV, even lower
than that of the cesium atom, which is the most easily ionized of all the elements, with an
ionization energy of 3.89 eV.68
In the Villagran lab we have synthesized and characterized different dimolybdenum units
with ratios of different formamidinate and guanidinate ligands in an attempt of fine-tuning the
electronic structure of these compounds and to gain a better understanding of the electron donor
properties of basic ligands such as DAniF (the anion of N-N’-di-p-anisylformamidine), hpp, and
the acetate anion. The degree of tuning was quantified by exploring their electrochemical
properties and comparing their prospective redox potentials. Density Functional Theory (DFT)
studies were performed to compare the respective energies of the compounds and to understand
their electronic structure.
2. Experimental Section
2.1 General Procedures
Solvents used were dried and degassed using a Pure Process Technology solvent purification
system. All synthetic operations were conducted under N2 using standard vacuum line, dry-box,
and Schlenk line techniques unless otherwise noted. The materials used for the study, HDAniF,69
Mo2(O2CCH3)4,70
Mo2(DAniF)2(O2CCH3)2,73

1,

Mo2(DAniF)4,71

2,

Mo2(DAniF)3(O2CCH3)72

cis-[Mo2(DAniF)2(CH3CNeq)4](BF4)2,74

transcis-

Mo2(DAniF)2(O2CCH3)2,73 [Mo2(DAniF)(MeCN)6](BF4)3,74 were prepared by following a
literature procedure. Other commercially available chemicals were used as received.
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2.2. Physical Measurements
Elemental analyses were performed by Midwestern Mircrolab, LLC., Indianapolis, Indiana, and
Galbraith Laboratories, Inc., Knoxville, Tennessee. UV-vis spectra was recorded on a SEC2000
Spectra System with the Visual Spectra 2.1 software. 1H NMR spectra were recorded on a
Bruker 300 MHz NMR spectrometer and on a JEOL 600 MHz NMR spectrometer.
Electrochemical analyses were performed using a CHI760D Potentiostat with a 2 mm diameter
Pt working electrode, Pt mesh auxiliary electrodes and Ag/Ag+ reference electrode and the cyclic
voltammograms were referenced to the Fc/Fc+ couple. Raman Spectra was recorded on a Thermo
Scientific DXR SmartRaman spectrometer.

Figure 3.3. Crystal Structure of 3. Thermal ellipsoids are drawn at
the 50% probability level. Hydrogen atoms are omitted for clarity

2.3. X-ray Crystallography
A single crystal of approximately 0.09 x 0.03 x 0.02mm3, for compound 3 was mounted
on a glass fiber using silicon grease. The x-ray intensity data were measure on a Bruker SMART
APEX CCD system equipped with a graphite monochromator and a MoKα fine-focus tube (λ =
0.71073 Å).
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The frames were integrated with Bruker SAINT software package using a narrow-frame
algorithm. The integration of the data using a monoclinic unit cell yielded a total of 16662
reflections to a maximum θ angle were greater than 2σ(F2). (Data completeness = 97.2 %. Rint =
4.50%, Rsig = 4.60%) The final unit cell dimensions of a = 36.375(4) Å, b = 12.0680(14) Å, c =
23.043(3) Å, α = 90°, β = 106.056(2) °, γ = 90°, volume = 9720.6(19) Å3. Data were corrected
for absorption effects using the multi-scan method (SADABS). The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.9510 and 0.9869.
Table 3. 1. Crystallographic data for 3
Compound

3

Formula
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (deg)
β (deg)
ϒ (deg)
V (Å3)
Z
dcal (g cm-1)
μ (mm–1)
λ, Å
T, °C
GOF
R1,a wR2b (I > 2σ(I))
a

C52H58Mo2N9O6
Monoclinic
P21/c
36.375(4)
12.0680(14)
23.043(3)
90
106.056(2)
90
9720.6(19)
8
1.499
0.577
0.71073
100(2)
0.951
0.0547, 0.1396

R1 = Σ||Fo| – |Fc||/ Σ|Fo|. b wR2 = [Σ[w(Fo2 – Fc2)2 ]/
Σw(Fo2)2]1/2, w = 1/[σ2(Fo2) + (aP)2 + bP], where P = [max(Fo2
or 0) + 2(Fc2)]/3
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The structure was solved and refined by direct methods using the Bruker SHELXTL
Software Package, using the space group P21/c with Z = 8 for compound 3. The final anisotropic
full-matrix least-squares refinement on F2 converged at R1 = 0.0928, for the observed data and
wR2 = 0.1566 for all data. The goodness-of-fit was 0.951. The largest peak in the final difference
electron density synthesis was 0.622 e–/Å3 and the largest hole was –1.148 e–/Å3. On the basis
of the final model, the calculated density was 1.499 g/cm3 and F (000), 4520 e–.
2.4. Computation Details
Density Functional Theory (DFT) calculations were performed with the hybrid Becke-3
parameter exchange functional and the Lee-Yang-Parr nonlocal correlation functional(B3LYP)3638

implemented in the Gaussian 0939-41 (Revision C.01) program suit. Double-ζ-quality basis sets

(cc-pvdz) were used on nonmetal atoms (carbon, nitrogen, oxygen, and hydrogen). An effective
core potential (ECP) representing the 1s2s2p3s3p3d4p core was used for the molybdenum atoms
along with the associated double-ζ basis set (LANL2DZ).42 The convergence criterion for the
self-consistent field cycles on all calculations was increased from the default value to 10–8.
Geometry optimization calculations were found to be minima in the potential energy surface as
evidenced by the lack of imaginary vibrations in the frequency calculations. Polarizability
derivatives (Raman intensities) were computed using the Gaussian 09 package using the
keyword freq=Raman. All calculations were performed in a 44-processor PowerWolf PSSC
supercomputer cluster running Linux Red Hat 4.1.2-54 located at the University of Texas at El
Paso.

25

2.5. Syntheses
2.5.1 Preparation of Mo2(DAniF)3(hpp), 3.
A mixture of yellow Mo2(DaniF)3(O2CCH3)(1.02 g, 1.00 mmol) and Hhpp(0.139 g, 1.00
mmol) was suspended in 40 mL of THF. While stirring 2.00 mL of a 0.5 M solution of NaOCH3
in methanol was added slowly. The color turned first to red then to brown. The reaction was
stirred for 5h at room temperature, producing a deposit of white crystalline sodium acetate. After
removal of the solvent under reduced pressure, the residue was extracted with 20 ml of
dichloromethane; filtration removed NaO2CCH3. The volume of the filtrate was reduced to about
5 mL with vacuum evaporation. Ethanol (10 mL) was added to the residue with vigorous stirring.
A bright yellow solid and a dark brown supernatant solution were obtained. After decanting, the
solid was washed with ethanol (2 x 10 mL), followed by 10 mL of hexanes, and dried under
vacuum. Yield: (82%). 1H NMR (δ in C6D6): 1.74 (q, 4H, -2CH2), 2.87 (t, 4H, -2CH2), 3.21 (s,
6H, -OCH3) 3.22 (s, 12H, -OCH3), 3.45 (t, 4H, 2CH2), 6.56 (d, 4H, aromatic C-H) 6.59 (d, 4H,
aromatic C-H), 6.65 (d, 8H, aromatic C-H), 6.68 (d, 8H, aromatic C-H), 8.55 (s, 2H, -NCHN-),
8.58 (s, 1H, -NCHN-). Anal. Calcd for Mo2C52N9O6H57: C, 56.99; N, 11.5; H, 5.24. Found: C,
56.79; N, 11.27; H, 5.35.
2.5.2 Preparation of cis-Mo2(DAniF)2(hpp)2, 4.
A mixture of yellow cis-Mo2(DAniF)2(O2CCH3)2 (0.5g. 0.575mmol) and Hhpp (0.160g,
1.150mmol) was suspended in 40 ml of THF. While stirring 2.30 mL of a 0.5 M solution of
NaOCH3 in methanol was added dropwise. The color turned a deep orange upon addition of
NaOMe, then the solution turned yellow. The reaction was stirred for 5h. After the 5h, the
stirring was stopped and solvent was removed. The yellow residue was cleaned with hexanes (2
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x 10 mL), followed by 10 mL diethyl ether and dried under vacuum overnight. Yield: (27%). 1H
NMR (δ in (CD3)2SO): 1.89 (q, 8H-2CH2), 2.38 (t, 8H, -2CH3), 3.17 (t, 8H, -2CH3), 3.65 (s,
12H, -OCH3), 6.67, (d, 8H, aromatic C-H), 6.86, (8H, aromatic C-H), 8.47 (s, 2H, -NCHN-).
2.5.3 Preparation of trans-Mo2(DAniF)2(hpp)2, 5.
A mixture of yellow trans-Mo2(DAniF)2(O2CCH3)2 (0.5g. 0.575mmol) and Hhpp
(0.160g, 1.150mmol) was suspended in 40 ml of THF. While stirring 2.30 mL of a 0.5 M
solution of NaOCH3 in methanol was added slowly. The color turned orange, upon further
stirring the solution turned a brighter shade of orange. The reaction was stirred for 5h. After 5h,
the stirring was stopped and solution was allowed to settle. An orange solid and a dark brown
supernatant solution were obtained. After decanting, the solid was washed with diethyl ether (2 x
10 mL) and dried under vacuum. Yield: (83 %). 1H NMR (δ in C6D6): 1.79 (q, 8H,-2CH2), 2.91
(t, 8H, -2CH2), 3.28 (s, 12H, -OCH3), 3.59 (t, 8H, -2CH2), 6.65 (d, 8H, aromatic C-H), 6.75 (d,
8H, aromatic C-H), 8.41 (s, 2H, -NCHN-). Anal. Calcd for Mo2C44N10O4H54: C, 53.99; N, 14.31;
H, 5.56. Found: C, 53.81; N, 14.07; H, 5.47.
2.5.4 Preparation of Mo2(hpp)3(DAniF), 6.
To a mixture of purple [Mo2(DAnif)(CH3CN)6](BF4)3 (0.6g, 0.650mmol) and Hhpp
(0.27g, 1.95mmol) in THF. 3.9ml of NaOMe 0.5M in MeOH was added dropwise. The color
turned bright orange upon addition of the sodium salt. The reaction was stirred for 5h. After 5h,
the stirring was stopped and the solution was allowed to settle. An orange solid could be seen at
the bottom and the supernatant was decanted. Solid was washed with diethyl ether (2 x 10 mL)
and dried under vacuum. Yield: ( 73%) 1H NMR (δ in C6D6): 1.26 (q, 8H-2CH2), 1.41 (q, 4H-
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2CH2), 2.34 (t, 8H, -2CH2), 2.87 (t, 8H, -2CH2), 3.33(s, 6H, -OCH3), 3.45, (t, 4H, 2CH2), 3.58 (t,
4H, 2CH2), 6.62 (d, 4H, aromatic C-H), 8.68 (s, 1H, -NCHN-)

Table 3.2. Selected Mo-Mo bond distances (Å) for 3, 4, 5, and 6.

Compound
3
4
5
6

Experimental Bond Distance
(Å)
2.0844(6)

Calculated Bond Distance
(Å)
2.12328
2.11451
2.11643
2.10730

3. Results and Discussion
An overview of the synthetic routes is displayed in Scheme 3.1. The synthesis of the
Mo2(DAniF)3(hpp), 3, was straight forward, starting with the Mo2(OAc)4, 1, which is fairly easy
to make and air stable. The lability the acetate ligands made it easy to be replaced by the
formamidinate ligand DAnif, to afford the Mo2(DAniF)3(OAc), A. The replacement of the last
acetate ligand, with hpp was again achieved without complications.

The compound is

indefinitely stable in the solid state under an inert atmosphere. It does not react with chlorinated
solvents and is soluble in donor solvents, such as THF, as well as aromatic solvents, such as
benzene. The crystal structure of 3, showed an Mo-Mo bond distance of 2.0844(6) (Å), which
falls within the range of 2.06-2.17 (Å), a typical Mo-Mo quadruple bond,75 but shorter than the
calculated Mo-Mo bond of 2.12328 (Å), Table 3.2.
The synthesis of the cis and trans isomers of Mo2(DAniF)2(hpp)2 were obtained by
different methods. Synthesis of trans-Mo2(DAniF)2(hpp)2, 5, was achieved by a similar route as
3. In order to make the precursor trans-Mo2(DAniF)2(OAc)2, the control of the stoichiometry
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was essential, any excess formamidinate will react further to produce Mo2(DAniF) 3(OAc). Once
the precursor was successfully produced, the replacement of the acetate ligands by hpp was done
without complications. The compound, 5, is indefinitely stable in the solid state under an inert
atmosphere. It easily gets oxidized with chlorinated solvents and is only partially soluble in most
solvents.

Scheme 3.1 Reaction of Mo2(DAniF)4 with (Me3O)BF4 to yield desired product

In contrast to the direct synthetic pathway of 5, cis-Mo2(DAniF)2(hpp)2, 4, was made by
through an indirect route. The synthesis of the precursor, cis-Mo2(DAniF)2(OAc)2 cannot be
achieved through Mo2(OAc)4. (why not?). To synthesize this compound it is necessary to start
with a reaction with the cis-Mo2(DAniF)2(CH3CNeq)42+ cation formed by reaction of Me3OBF4
and 2. the presence of a small amount of water. The removal of formamidinates is more difficult
compared to the displacement of acetate groups in 1 due to a decrease in lability, which refers to
how easily metal-ligand bonds are broken requiring stronger conditions when compared to using
NaOMe, in the displacement of acetates in 1. The addition of four equivalents of water to
Me3OBF4 forms the strong acid, HBF4 which can doubly protonate the basic DAniF- ligand to
[H2DAniF][BF4], the reaction is described in Scheme 3.1. The substitution of formamidinate
groups by CH3CN molecules in the presence of H+ occurs in a stepwise manner and increases the
reaction control.

73

A putative mechanism is shown in Scheme 3.2; protonation of a bridging

DAniF forms a mono-coordinated formamidinate intermediate ligand (HDAniF) allowing a
CH3CN molecule to occupy the coordination site. The neutral HDAniF is doubly protonated and
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displaced by another CH3CN molecule to yield [Mo2(DAniF)3(CH3CN)2]+.76 As a result of the
strong trans directing effect of the bridging formamidine group relative to that of the
monodentate CH3CN ligands, substitution of the second formamidine is expected to occur in the
cis geometry.74 While HB4 can be used directly it has been shown that the in situ reaction of
Me3OBF4 with the small amounts of water gives higher yields. This reaction also occurs in the
presence of Et3OBF4 presumably by a similar mechanism.

Scheme 3.2 Putative mechanism of DAniF displacement by HBF4

The acetonitrile ligands are then replaced by the acetate ions with retention of the cis
conformation, cis-Mo2(DAniF)2(OAc)2 is then reacted further with 2 equivalents of hpp a similar
manner as the trans isomer to afford cis-Mo2(DAniF)2(hpp)2, 4. Calculated Mo-Mo bond
distance for 4, is 2.11451 Å, and for 5 is 2.11643. Single crystals suitable for x-ray diffraction
have been difficult to obtain due to the low solubility of compounds 4, and 5, making a
comparison between experimental and calculated metal-metal bonds impossible at the moment.
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Previous studies suggest a strong trans effect present in the formamidinate ligand.66 For
this reason Mo2(OAc)3(DAniF), E, has not been observed. The strong trans directing DAniF
makes replacement of the acetate trans to DAniF ligand, resulting in the formation of the trans
isomer, D.
A different route was required to obtain Mo2(hpp)3(DAniF), 6, one similarly used to
obtain 4. Mo2(DAniF)4, 2, was transformed into an Mo2(DAniF)(CH3CNeq)63+ cation, in which
the acetonitrile ligands were replaced by hpp to obtain Mo2(hpp)3(DAniF), 6. This compound is
soluble in most donor solvents, like THF and, most aromatic solvents, such as benzene. The
calculated Mo-Mo bond distance is 2.10730 Å. Single crystals grown of 6, were too small for
adequate data collection, several crystallization methods are currently being explored to obtain
suitable single crystals.
The redox properties of 1, 2, 3, 5, and 6 were studied by cyclic voltammetry. A oneelectron reversible event is observed for at (E1/2) -0.12 V for Mo2(OAc)4, 1, the starting material
for many of the compounds, the second starting material used, the fully substituted
formamidinate compound, Mo2(DAniF)4, 2, had an (E1/2) at –0.23 V. The addition of one
guanidinate ligand a showed a remarkable shift of almost half a volt in the negative direction is
seen for Mo2(DAniF)3(hpp), 3, with an (E1/2) at –0.75 V (vs Fc/Fc+). However this compound
still only displays a one electron redox event. The addition of another hpp ligand in the trans
position displays two one-electron reversible redox events with the first event being observed at
(E1/2) –0.69 V and the second event at –1.07 V (vs Fc/Fc+) for trans-Mo2(DAniF)2(hpp)2, 5.
Compound 6, Mo2(DAniF)(hpp)3 also displays similar two one-electron reversible redox events
with the first event being observed at (E1/2) –0.63 V and the second event at a slight shift from
compound 5, at –1.14 V as observed in Figure 3.3. The guanidinate ligand, hpp tunes the redox
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potentials of these bimetallic molybdenum systems to in the negative direction. The redox
properties of these compounds show the basicity of the different ligands used as increasing in
basicity from OAc < DAniF < hpp, with the guanidinate being the most basic. Accordingly, the
observed lability is the opposite.
Table 3.3. Calculated and experimental data for compounds 3, 4, 5, and 6.

Compound
Mo-Mo
3
4
5
6

Experimental
Raman
(cm–1)
463
491
492
510

Calculated
Raman
(cm–1)
486
490
494
504

Density Functional Theory (DFT) calculations were performed on all compounds 2-6 and
Mo2(hpp)4,7, the fully substituted guanidinate complex, for the purpose of comparison, Figure .
Geometry optimizations were done and the resulting geometries were used as the starting point
for the calculations. The highest occupied molecular orbital (HOMO) for all the compounds is a
δ with minimal degree of mixing with the ligands. The lowest unoccupied molecular orbital
(LUMO) in all cases is a δ* except in Mo2(hpp)4, in which the LUMO is the σ* and the LUMO
+1 is the δ*. A unique feature present in the results is that the energy levels of both Mo-Mo antibonding and bonding orbitals increase with the addition of each hpp ligands.
However the addition of electron donating hpp ligands decreases the metal character of
the HOMO δ orbitals, therefore raising them in energy, with the highest Mo2(hpp)4, at -2.813 eV
with a metal character of 63.79% and the lowest and most stable is the Mo2(DAniF)4 an onset
HOMO δ energy of –4.32 eV and a metal character of 75.26% as described in Figure 3.4. It is
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also important to mention that the π orbitals for all compounds were lower in energy than those
of the σ orbitals.

Figure 3.4. Cyclic Voltammograms of 1, 2, 3, 5, and 6.

Compound 4, is lower in energy and more stable than its isomer, 5. The complex cisMo2(DAniF)2(hpp)2, 4, has an onset HOMO energy of –3.579 while the trans isomer, 5, is at –
3.520 eV. Interestingly, the metal character of the HOMO is also different, with 4, having a
66.03% metal based HOMO, while for 5 it is 64.78%.
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Scheme 3.3. Reaction conditions for some processes are as follows: (a) mixing of 1 with 1 equiv of HDAniF
and NaOCH3 in THF; (b) reaction of A with 1 eq of Hhpp and NaO2CCH3 in THF; (c) reaction is not favored;
(d) mixing of 2 with 4 equiv of (Me3O)BF4 in CH3CN with a trace of H2O; (e) reaction of B with an excess
NaO2CCH
CHCyclic
(f) addition of 2 (CV)
eq offor
Hhpp
and NaOCH
to5,
Cand
in THF;
(g) reaction
with in
2 equiv
3 in
3CN; voltammagrams
Figure
3.3.
compounds
1, 2,33,
6. 1 shows
in red,of2 1
shows
dark of
HDAniF and NaOCH3 in blue,
THF;3,(h)
addition
of 2 equiv
of Hhpp
and NaOCH
to D; (i)addition of 1 equiv
3 in THF
shows
in green,
4 shows
in purple,
and 6 shows
in pink.
of HDAniF and NaOCH3; (j) reaction not done; (k) addition of an excess of (Et 3O)BF4 plus an trace of H2O to 2;
(l) reaction of F with 3 equiv of Hhpp and NaOCH3 in THF.

Raman spectroscopy was used to further study the molybdenum- molybdenum vibronic
interactions in the metal centers for all compounds and to compare the relative strength of the
Mo-Mo vibration between the different compounds. Table 3.3. Shows calculated Raman shifts
compared with experimental. With the aid of the DFT calculations we were able to correctly
assign the respective peaks. The ν(Mo-Mo) Raman shift for Mo2(DAniF)3(hpp), 3, is shown at
486 cm–1 in Figure 3.6 compared to the 463 cm–1 that was calculated.
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Figure 3.5 Diagram shows the respective energies of the metal orbitals of 2,3,4,5,6, and 7. The metal
based character of the delta HOMO Orbital is displayed.

The addition of one guanidinate ligand in the cis position to make cis-Mo2(DAniF)2(hpp)2, 4,
give several peaks of which the shift at 490 cm–1 was assigned to the Mo-Mo vibration by
comparison to the 491 cm–1 calculated. The most intense peak at 470 cm–1 belongs to the solvent
THF. The shift at 456 cm–1 also belongs to a less intense Mo-Mo vibration. The shifts from 330
cm–1 to 450 cm–1 belong to different aspects of the formamidinate DAniF ligand and the
guanidinate hpp ligands. In particular the three peaks found at 350 cm–1 are found in the trans
isomer of compound 5 at 425 cm–1, they correspond to the vibrations of the four hydrogens in the
aromatic ring DAniF. The trans isomer, 5, gives the Mo-Mo shift at 494 cm–1 compared to the
calculated 492 cm–1. Finally compound 6, Mo2(DAniF)(hpp)3 show strong fluorescence which
accounts for the high intensity, the Mo-Mo vibration was assigned at 504
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Figure 3.6. HOMO and LUMO diagrams for compound 3-6 with 0.04 contour
surfaces.

cm–1 compared to the calculated shift of 501 cm–1. The Mo-Mo shifts show an expected rise with
the addition of each guanidinate ligand.
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v(Mo-Mo)= 490 cm-1

Figure 3.7. Raman Spectra of compounds 3, 4, 5, and 6.

4. Conclusion
A series of quadruply bonded dimolybdenum compounds were successfully synthesized. All
were characterized by proton NMR and Raman spectroscopy. Compound 3 was structurally
characterized by crystallography. Single crystals are required of 4, 5, and 6 for single crystal
crystallography and are currently being sought. Data from Raman Spectroscopy shows an
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increase in Raman Shift with the addition of guanidinate ligands. DFT calculation depict strong
influence in the guanidinate ligand in the difference in energy levels between the compounds.
Finally the electrochemistry of these compounds successfully shows the ability to tune the redox
potentials of bimetallic systems, the addition of two guanidinate ligands shows the ability for
these complexes to perform multi-electron redox chemistry.
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Chapter 4: Conclusion

A novel digold compound with two bidentate bulky formamidinate ligand and two
bridging chlorides, Au2(DipPF)2Cl2 in C2h symmetry was successfully synthesized. The
compound’s structural and electronic properties were studied by various methods, including
single x-ray crystallography, electrochemistry, UV-vis and DFT calculations. DFT calculations
were done of the C2h model obtained experimentally and the symmetrical D2h model to compare
electronic properties of each. The distorted C2h symmetry is 16 kcal/mol more stable than the
idealized D2h model. Furthermore the LUMO of b3u symmetry is able to couple with an
unoccupied orbital, in this case the HOMO -8 of b2u symmetry, in D2h, and together they couple
with a low lying vibration of b1g symmetry. As a result this destabilizes the LUMO and stabilizes
the HOMO of the same symmetry in the C2h model. This effect is known as a second order JahnTeller distortion.
In order to explore the electron donating ligands such as HDAniF and Hhpp when
attached to bimetallic systems, a series of systematic dimolybdenum compounds were
synthesized with different rations of ligands in an attempt to tune their redox potentials. These
compounds were characterized by single-crystal x-ray crystallography, proton NMR, Raman
spectroscopy and studied by electrochemistry. We have observed that the redox potentials shift
to negative potentials with the addition of more guanidine ligands. The difference in redox
potentials between compound Mo2(DAniF)4, 2, and Mo2(DAniF)3(hpp), 3, is in the order of 0.5
V in the negative direction. The addition of two guanidinate ligands in the trans position, transMo2(DAniF)2(hpp)2, causes a shift of about 0.3 V in the second redox event. This compound
displays multi-electron redox events. The addition of a third guanidine ligand, to make
Mo2(DAniF)(hpp)3, shifts the second redox event slightly about 0.08 V. The redox potential of
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these bimetallic compounds can be successfully tuned with mixed ligand ratios. DFT
calculations show the extent of difference the ligands used in these systems make in their
electronic properties. DFT calculations were also used to assign the experimentally obtained
Raman spectra.
Although the chemistry of bimetallic complexes is fairly large, the study of the multielectron redox processes in them is not. Understanding the effect of ligands in bimetallic systems
and how they can induce different electronic effects is important, making the synthesis of
molecules that can resemble catalytic surfaces possible. Ultimately, the reactivity of such
compounds toward small molecules will be mechanistically probed and systematically analyzed
through inorganic physical methods such as electrochemistry and with the help of computational
methods.
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